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Abstract: This paper presents a numerical study about the flexural behaviour of rectangular 
composite glass-GFRP beams, comprising annealed glass and GFRP pultruded profiles bonded with 
two different adhesives: (soft) polyurethane and (stiff) epoxy. The main objectives of this study were: 
(i) to fully characterize the non-linear behaviour of glass using the smeared crack approach; and (ii) to 
assess the applicability of different options to simulate adhesively bonded glass-GFRP joints. An 
extensive parametric study was developed to evaluate the influence of five parameters on the glass 
post-cracking non-linear behaviour: (i) glass fracture energy, Gf, (ii) crack band width, h, (iii) glass 
tensile strength, fg,t, (iv) shape of the tension-softening diagram, and (v) shear retention factor, β. The 
wide range of the joints’ shear stiffness was simulated by either (i) assuming a perfect bond between 
glass and GFRP (i.e., neglecting the presence of the adhesive), or (ii) explicitly considering the 
adhesive, by means of using (ii.1) plane stress elements, or (ii.2) interface elements. For the beams 
analysed in this paper, the following material model for glass provided a good agreement with 
experimental results: Gf in the range of 3 to 300 N/m, h equal to the square root of the finite element 
area, fg,t = 50 MPa, linear softening diagram and β according to a power law. It was also shown that 
the hypothesis of perfect bond at the GFRP-glass interfaces allows for an accurate simulation of joints 
with high levels of interaction (epoxy), while calibrated interface elements are needed for joints with 
low level of interaction (polyurethane). 
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1. Introduction 
Over the last decades the structural use of glass has become one of the most interesting topics in 
construction industry and civil engineering research, following the architectural trend of pursuing more 
creative and transparent building envelopes. As a result, besides the common use in glazed facades, 
glass has assumed more important structural roles, for instance in floors, ceilings, beams or columns. 
However, due to the brittle nature of glass and the high scatter of its strength it is necessary to adopt 
special structural safety measures. 
For beam applications, one of the methods that has been put forward to overcome glass brittleness is 
the use of hybrid glass systems (also referred to as composite or reinforced systems [1,2]): the 
underlying principle is based on reinforced concrete, where a brittle and relative weak material in 
tension (glass) is combined with other structural materials, generally stronger in tension, in order to 
enhance the pre- and post-cracking performance. In most of the hybrid concepts [1,2], it has been 
experimentally shown that composite or reinforced glass beams provide significant improvements in 
terms of post-cracking resistance and ductility, leading to less brittle failure mechanisms compared to 
all-glass beams. 
In spite of such achievements, composite glass systems are not yet being used on a regular basis in 
industrial applications. Among other reasons, this is due to the lack of reliable analysis and design 
tools1. Because geometrical shapes and material (glass) responses can be rather complex, finite 
element (FE) models are useful tools to assist the structural design of composite glass members. In 
this respect, the main challenge relies on the ability to accurately model (i) the fracture behaviour of 
glass, a brittle material, often causing numerical instabilities, and (ii) the interaction between glass 
and the reinforcing materials. 
This paper presents a numerical study about the flexural behaviour of composite beams made of 
annealed glass panes and GFRP pultruded laminates. After a short literature review about the 
                                                   
1
 The recent Italian guidelines [29] and the recent British and European guidance for structural glass [26,30] do 
not provide information about the analysis and design of reinforced or composite glass beams. 
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numerical modelling of composite glass beams (Section 2), the paper first summarizes an 
experimental campaign about the pre- and post-cracking flexural behaviour of rectangular glass-
GFRP composite beams bonded with two different adhesives (Section 3): (soft) polyurethane and 
(stiff) epoxy. The campaign included also tensile tests on double-lap joints performed to characterize 
the interface constitutive law for both adhesives. The second part of the paper (Sections 4 and 5) 
describes the numerical models developed to simulate the flexural behaviour of the aforementioned 
beams. Two-dimensional (2D) FE models were developed using the FEMIX software [3] in order to 
simulate and analyse the linear (prior to glass breakage) and post-cracking flexural behaviour of the 
glass-GFRP composite beams. A multi-fixed smeared crack model was used to simulate the non-
linear material behaviour of glass. The objective of the numerical study was two-fold: (i) the 
definition of the parameters that describe the non-linear material response of glass, and (ii) the 
evaluation of different options to simulate adhesively bonded interfaces. Experimental and numerical 
results are compared in terms of initial stiffness, cracking load, post-cracking stiffness, crack pattern 
and progressive failure of the glass-GFRP composite beams. 
2. Literature review 
For now, only a few studies addressed the numerical simulation of hybrid glass systems. The existing 
ones can be divided according to the approach adopted to simulate the (quasi-) brittle glass material: 
(i) the “kill element” approach (KEA); (ii) the smeared crack approach (SCA), and (iii) the discrete 
crack approach (DCA). 
The “kill element” approach was applied by Ølgaard et al. [4] and Louter and Nielsen [9] using a 
commercial FE-package (with the addition of user-subroutines) and tested on two (2D) and three 
dimensional (3D) FE models of reinforced glass-stainless steel beams with SentryGlas®2 [6,7]. The 
different models were tested with several mesh densities, with constant and random glass tensile 
                                                   
2
 SentryGlas® was used both as interlayer and as structural adhesive [6]. 
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strengths and with different interlayer shear stiffness values. The models were able to correctly 
reproduce the overall load vs. deflection behaviour of the composite glass beams. The 2D models 
accurately reproduced the crack pattern. However, the 3D models were not able to simulate precisely 
the three-dimensional process of cracking, as cracks were predicted to occur uniformly across the 
whole cross-section thickness instead of being randomly distributed. Despite the good results and the 
simplicity of its principles, this approach does not exist in the most popular commercial FE packages 
and hence it needs to be developed and added by users. 
The SCA has been used for decades to numerically reproduce the cracked stage of reinforced concrete 
and other quasi-brittle materials. According to Bazant and Oh [8], two main assumptions3 are made 
in this numerical approach: (i) the damaged area is distributed along a specific crack band width (h), 
and (ii) the constitutive law of the material in the damage area is characterized by a tension-softening 
diagram, which, together with the fracture energy (Gf), are considered material properties and 
important input data. Regarding the Gf of glass, experimentally determined in [9–11], an average 
value of 3 N/m is commonly accepted [6,12,13]. This is an extremely low value when compared with 
other quasi-brittle4 materials (e.g. it is around 30 times lower than that of concrete [14,15]) to which 
SCA have been applied. The SCA approach also requires several other parameters, including the type 
of tension-softening diagram, the shear retention factor (β) and the number of possible cracks that can 
arise in each single integration point [16]. 
Louter [6] and Bedon and Louter [13] used the SCA to numerically simulate the behaviour of 
reinforced glass-stainless steel beams. Using 2D and 3D models, the authors performed parametric 
studies to assess the effects of Gf, mesh size, mesh geometry, β, shear stiffness of the SentryGlas® 
                                                   
3
 The fracture energy criterion and the existence of a softening branch are also assumed by DCA. 
4
 Applying the SCA to glass requires the assumption that the stable fracture of glass [9–11] is equivalent to the 
quasi-brittle behaviour of concrete. In true, glass is known to be a homogeneous brittle material that only 
presents stable fractures (or softening, in analogy to concrete) under very specific situations [9]. Moreover, it 
should be noted that the stable fracture of glass falls in the linear elastic fracture mechanics field, whereas 
concrete softening of lab-size specimens falls mostly (it depends on the relationship between the crack size and 
the size of the adjacent fractured zone) on the non-linear fracture mechanics field [31]. Other terms have been 
used to describe the stable fracture of glass (e.g., in Haldiman et al. [12] framed it in the “quasi-brittle linear 
elastic fracture mechanics”). 
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and reinforcement ratio in the overall flexural behaviour of the reinforced beams and in their crack 
pattern type and propagation [6,13]. It was shown that Gf (ranging from 3 N/m to 8 N/m), mesh size 
(square finite elements with 5 and 10 mm of size for a total span of 1500 and 3200 mm), β (with 
constant values or power laws) or the shear stiffness of the interlayer (varying from 240 MPa to 
20 GPa) have minor influence on the overall flexural behaviour of the aforementioned beams (only 
crack pattern differences were noticeable). In opposition, the mesh geometry (and the reinforcement 
ratio) proved to have significant influence on the global behaviour of the beams and on their crack 
pattern. Notwithstanding the good match between numerical and experimental results, on the one 
hand Louter [5] used a numerical strategy to overcome glass brittleness (“saw-tooth” reduction 
diagrams) that is far from being universally accepted; on the other hand, Bedon and Louter’s [12] 
models were computationally very demanding. 
The discrete crack approach (DCA) was successfully applied by Neto et al. [17] to model the flexural 
behaviour of glass-GFRP composite beams. A parametric study was developed to assess the ability of the 
DCA to represent glass cracking taking into account the influence of the mesh size and glass tensile 
strength (fg,t). It was proved that using DCA both mesh size and fg,t have minor influence on the global 
behaviour of the numerical models of the composite beams. The major disadvantage of the DCA is its low 
popularity compared to the SCA and the fact that it is not available in most commercial FE packages. 
The extreme brittleness of glass, i.e., the very low value of Gf, causes numerical problems like snap-
back instabilities or convergence difficulties. Typically, these problems are overcome by either (i) 
applying numerical tools or strategies that help models to converge (e.g. the above-mentioned “saw-
tooth” reduction diagrams), (ii) non-iterative methods [17], (iii) or by developing heavy 
computational models in terms of mesh density [13]. In spite of the above mentioned limitations, none 
of the numerical studies reviewed above in which the SCA or the DCA were used has assessed the 
possibility or the effects of adopting fracture energies higher than the reference value for glass in reinforced 
or composite glass beams (the maximum Gf used in those numerical models was 8 N/m [6,13]). 
Furthermore, in the aforementioned studies only two types of hybrid systems were simulated: (i) 
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glass-stainless steel (bonded with SentryGlas®), and (ii) glass-GFRP composite beams (bonded with 
epoxy adhesives). Therefore, with the single exception of the work of Neto et al. [17], none of the 
works have applied smeared crack models in combination with interface laws to numerically simulate 
the behaviour of the bonded interfaces in which a wide range of adhesives (with different mechanical 
properties) can be used. Note that the two types of adhesives that have been studied in [16] were 
considered stiff enough to neglect the potential slippage at the interfaces. The effect of using softer 
adhesives, although object of experimental studies [18,19], was never numerically investigated. 
3. Summary of experimental results 
This section presents a summary of the experimental campaign developed in order to assess (i) the 
shear behaviour of glass-GFRP adhesively bonded joints, and (ii) the flexural behaviour of glass-
GFRP composite beams. More detailed information about some of the experimental tests abridged 
here is available in [17–19]. 
3.1 Structural concept 
The rectangular composite beams (Fig. 1) were made of annealed glass panes (cross section of 100 × 
12 mm2), reinforced at the bottom edge with a rectangular GFRP pultruded profile (cross section of 
8 × 12 mm2). The two materials were joined with a 2 mm thick bond layer, made of two different 
adhesives: (i) a low Young’s modulus polyurethane adhesive, Sikaflex 265, and (ii) a high modulus 
epoxy adhesive, Sikadur 31-cf. 
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Fig. 1 - Cross section of the glass-GFRP composite beams and experimental setup. 
3.2 Materials 
Annealed glass panes (12 mm thick) with polished edges were used in the tests. The main mechanical 
properties of glass available in literature were considered. A detailed description of those properties is 
presented in section 4.3.1. 
The GFRP profiles used to strengthen the glass beams were made of an isophthalic polyester matrix 
reinforced with alternating layers of E-glass rovings and mats. Tensile tests according to ISO 527-1,4 
[20,21] indicated an average Young’s modulus of 32 GPa and ultimate strength of 350 MPa (in the 
longitudinal direction) [19]. 
The mechanical properties of the Sikaflex 265 and Sikadur 31-cf adhesives (hereafter referred to as 
SFlex and SDur) used to bond glass to the GFRP profiles are listed in Table 1. The former is a gap-
filling adhesive (with similarities to rubber) and presents low elasticity modulus (Ea), together with 
relatively high apparent ultimate stress (fa,t) and ultimate tensile elongation (εb). The latter is a 
structural epoxy adhesive with negligible density of fillers and it is characterized by relatively high 
Young’s modulus and tensile strength, and low ultimate strain. The adhesives were characterized in 
[17] according to their applicable standards, ISO 37 [22] (SFlex) and ISO 527-1,2 [20,23] (SDur). 
The Poisson’s ratios were determined using a digital image correlation system, with the SFlex 
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presenting a high υSFlex = 0.45, whereas for the SDur adhesive, υSDur = 0.25. 
Table 1 – Tensile mechanical properties of the adhesives (Ea, fa,u and εb) and summary of results from double-
lap joint tests (K, Fmax, dmax and failure mode). 
Adhesive 
Tensile tests Double-lap joint tests 
Ea [MPa] fa,t [MPa] εb [%] K [kN/mm] Fmax [kN] dmax [mm] Failure mode 
Sikaflex 265 3.08 ± 7% 8.13 ± 12% 317 ± 15% 2.16 ± 11% 13.5 ± 26% 8.37 ± 23% adhesive 
Sikadur 31-cf 4257 ± 16% 11.7 ± 22% 0.21 ± 42% 85.0 ± 3% 30.3 ± 14% 0.46 ± 12% stock-break  (glass) 
3.3 Tests on double lap joints 
In order to characterize the behaviour of adhesively bonded joints between glass and GFRP, double-lap 
joint specimens were prepared and tested in tension. The specimens geometry, test setup and procedure 
is described in detail in Valarinho et al. [19,24]. Some complementary tests are also included below. 
The joints comprised two inner GFRP laminates (10 × 50 mm2) and two outer glass panes (12 × 50 
mm2), bonded with a 2 mm thick SFlex or SDur adhesive layer. Both adherends presented a length of 
350 mm and the overlap length was set to 100 mm (Fig. 2-a). The complementary campaign consisted 
of five new joint specimens made of both SFlex and SDur adhesives (hereafter referred to as DL-
SFlex-# and DL-SDur-#, respectively, where # refers to the specimen number). The strain 
development along one of the bonded GFRP surfaces was measured using 10 strain gauges (Fig. 2-
b). Specimens were loaded under displacement control at a speed of 0.017 mm/s (total displacement). 
The applied load and the relative displacement between bonded extremities of both overlap zones 
were measured during the tests. The tests were conducted at an average temperature of 19ºC and 
relative humidity of 59%. 
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Fig. 2 - Geometry of the double lap joints (a), position of the strain gauges (b) and (c) tensile test setup and failure mode 
of DL-SFlex specimens. 
Fig. 3 depicts the load vs. relative displacement curves of DL-SFlex and DL-SDur specimens. Table 1 
presents a comparison of the average results obtained for the different specimens, in terms of initial stiffness 
(K), maximum load (Fmax) and corresponding maximum relative displacement (dmax) and failure mode. 
As reported in previous tests [18,19,24], the behaviour of DL-SFlex joints was not fully consistent. 
On the one hand, specimens DL-SFlex-1,4 presented an initial linear behaviour, with loss of stiffness 
only at the brink of collapse. On the other hand, specimens DL-SFlex-2,3,5 exhibited a shorter linear 
branch and an earlier loss of stiffness that led to premature failure (Fig. Fig. 3-a). Accordingly, the 
ultimate loads exhibited relatively high scatter. The stiffness loss was due to the debonding in one of 
the glass-adhesive interfaces, which ultimately caused the failure of all joints (Fig. 2-c). The scatter 
of results may have been caused by the high viscosity of the adhesive, which affected the manual 
process used to manufacture the specimens. 
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Fig. 3 – Results of double-lap joint tests: load vs. relative displacement for specimens (a) SFlex and (b) SDur. 
DL-SDur specimens exhibited practically linear behaviour up to failure, without significant stiffness 
changes during loading (Fig. 3-b). The slight loss of stiffness prior to failure was coincident with the 
appearance of the first cracks on glass at the overlap region. After this point, all specimens were still 
able to carry additional load up to their ultimate failure, which occurred due to the breakage of one 
of the glass panes. The K, Fmax and dmax values were in line with the corresponding  adhesive mechanical 
properties. Comparing with the DL-SFlex joints, by avoiding the premature failure of one of the bonded 
interfaces, much higher stiffness (≈ 40 times) and higher strength was observed in the DL-SDur joints. 
The axial strain distributions, reflecting the shear stress transfer between the joined components, were 
also coherent with the stiffness of the adhesives (Fig. 4): the distribution was roughly uniform for the 
softest adhesive and non-uniform with high concentrations at the extremities for the stiffest one. 
 
Fig. 4 - Experimental (dots) and numerical (lines) axial strains (a) at 5.0 kN for DL-SFlex-2 and (b) at 20 kN for DL-
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SDur-4. 
3.4 Four-point bending tests 
Four-point bending tests were performed to assess the flexural behaviour of rectangular glass-GFRP 
composite beams, bonded with the two previously mentioned adhesives. The beams were 1.5 m long, 
with a span of 1.4 m and a shear span of 0.465 m (Fig. 1). The rectangular beams were transversally 
restrained with two pairs of metal guides symmetrically positioned throughout the span. Beams were 
loaded under indirect displacement control, applied by a Walter+Bai hydraulic system that allows 
controlling the pressure transmitted to the jack, capturing possible load drops and recoveries if the 
beams experience quasi-static damage. Hence, the displacement speed was indirectly controlled, as a 
result of the pressure applied on the jack and the response (flexural stiffness) of the beam. Therefore, 
the displacement speed ranged from 0.95 mm/min to 1.52 mm/min prior to cracking and, 
subsequently, from 1.70 mm/min to 3.21 mm/min. The applied load and the mid-span displacement 
were measured at average speeds of 5 Hz. The glass/GFRP interaction ensured by the adhesives was 
assessed measuring the longitudinal strains by means of six strain gauges bonded along the mid-span 
section height (Fig. 1) and in both interfaces (glass/adhesive and adhesive/GFRP). All beams were 
tested at an average temperature of 24ºC and relative humidity of 60%. 
Fig. 5 presents the load vs. mid-span deflection curves of the composite beams bonded with the SFlex and 
SDur adhesives (hereafter referred to as R-SFlex and R-SDur, respectively). Both type of beams presented 
a similar behaviour, which can be divided in two stages: the first stage is characterized by a linear elastic 
behaviour until the appearance of the first crack in glass; in the second stage, a progressive loss of stiffness 
was visible either due to the development of a single glass crack (R-SFlex beams, Fig. 6-a), or due to the 
increase of the number of cracks towards the supports (R-SDur beams, Fig. 6-b). The ultimate failure of 
each beam occurred when the extensive crack pattern reached the compressive zone of the glass web, 
precluding the mobilization of the binary between the GFRP reinforcement and the glass compression 
zone. The intrinsic scatter of glass strength was attested by the different cracking loads attained in the tests; 
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however, such scatter had only slight influence on the overall flexural behaviour of the composite beams, 
namely in the post-cracked stage. 
Besides the crack pattern, the two adhesives provided different performance before and after glass 
breakage. Due to the low Young’s modulus of SFlex adhesive, R-SFlex beams were unable to achieve 
the full level of interaction between glass and GFRP, which resulted in lower initial stiffness and 
cracking load; however, its higher energy redistribution capacity allowed R-SFlex beams to present 
significant post-cracking ductility levels (ratio between the displacement at the moment of the 
appearance of the first crack and the displacement at failure), although under residual post-cracking 
resistance. On the other hand, the R-SDur beams presented higher values of initial stiffness and 
cracking load and were able to recover the total initial strength during the post-cracking stage. 
 
Fig. 5 - Load vs. mid-span deflection curves and composite action of (a) R-SFlex and (b) R-SDur beams. 
 
Fig. 6 - Experimental crack pattern of (a) R-SFlex and (b) R-SDur beams. 
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Table 2 summarizes the main results obtained from the flexural tests on the composite glass-GFRP beams 
in terms of initial stiffness (uncracked stage), cracking load, maximum load (only R-SDur beams attained 
loads equal to the cracking load), post-cracking strength (ratio between the maximum load at the cracked 
stage and the cracking load) and post-cracking ductility. 
Table 2 - Summary of the 4-point bending tests on composite glass-GFRP beams. 
Geometry - Adhesive R-SFlex R-SDur 
Average test speed (prior to/after cracking) [mm/min] 1.05/1.70 1.52/1.85 
Initial stiffness [kN/mm] 1.44 1.67 
Cracking load [kN] 3.70 5.87 
Maximum load [kN] 3.70 5.92 
Post-cracking strength [%] 52 93 
Ductility index [%] 659 404 
4. Description of the numerical models 
4.1 Initial considerations 
The numerical models aimed at simulating the flexural responses of the composite glass-GFRP beams 
described above, namely the pre- and post-cracking behaviour of the beams made with the two 
different adhesives. 
The first step of the simulations required the correct definition of the glass non-linear material 
characteristics according to the SCA. To describe the non-linear tensile softening behaviour of glass an 
extensive parametric study was developed in order to assess the influence of the following parameters 
(Table 3): (i) tensile strength of glass, fg,t, (ii) mode-I fracture energy, Gf, (iii) crack band width, h, (iv) 
shape of the tension-softening diagram, and (v) type of shear retention factor law, β. For simplicity, at 
this stage the parametric studies on glass-GFRP composite beams were performed on models assuming 
perfect bond at the interfaces. 
Table 3 - Numerical options tested for the description of the glass non-linear behaviour. 
Parameter studied Tested range 
Mode I fracture energy, Gf [N/m] 3;  30;  188*#;  300;  3000 
Crack band width, h [mm] *;  1.0;  0.1 
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Glass strength, fg,t [MPa] 45;  50*;  55  
Shape of tension-softening diagram Linear*;  Bilinear;  Exponential 
Shear retention factor, β 1x10-5;  1x10-1;  0.99;  p = 1;  p = 2*;  p = 3 
*Default value considered when evaluating the effects of the other parameters (SNLMMG, c.f. section 3.3.1). 
#
 This value is 5% higher than the threshold defined by the software (to avoid snap-back instabilities). 
 
The second step of the simulation focused on the numerical modelling of the adhesively bonded joints 
of the composite beams. For that three different models of the beams’ joints were tested: (i) the Perfect 
Bond (PB) model, where perfect bond between glass and GFRP was assumed, neglecting the physical 
existence of the adhesive; (ii) the Plane Stress Elements (PSE) model, in which the adhesives were 
explicitly simulated using plane stress elements together with the hypothesis of perfect bond at the 
glass/adhesive and adhesive/GFRP interfaces5; and (iii) the Interface Elements (IE) model, where 
interface elements were used to simulate the effects of both the adhesive and the interfaces 
(glass/adhesive and adhesive/GFRP). The parameters that define the mechanical properties of the joints 
in the last two models were obtained using two different approaches. On one hand, the joints of the PSE 
models were simulated using the information retrieved from the adhesives’ characterization tests. On 
the other hand, the parameters that define the linear and non-linear constitutive laws of the bonded 
interfaces, namely the ones that define the shear behaviour of the interface elements for the two different 
adhesives, were parametrized through inverse FE analysis of the double-lap joints (cf. section 4.2.1). 
Table 4 summarizes all the models developed as well as their assumptions and applicability. 
Table 4 - Summary of the FE models developed for the composite beams adhesively bonded joints. 
Beam model Assumptions* Applicability 
Perfect bond (PB) No elements used to simulated the adhesive joint 
Perfect bond between glass and GFRP is assumed 
R-SDur  
Plane stress elements (PSE) Joint simulated by plane stress adhesive elements 
Perfect bond at all interfaces 
R-SDur, R-SFlex 
Interface elements (IE) Joint simulated using interface elements 
Coupled adhesive and interfaces simulation 
R-SFlex, R-SDur 
*Glass was always simulated as a non-linear material 
                                                   
5
 The DL-SFlex specimens failure mode reported in the double-lap joint tests (cf. Table 1) was neglected, thus 
the model does not account for adhesive failure modes.  
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4.2 Geometry, boundary conditions and type of elements 
4.2.1 Double-lap joints 
The double-lap joints were modelled as a plane stress problem. Due to their double symmetry, only 
1/4 of the double lap joint specimens was simulated. The geometry, mesh, boundary conditions and 
load configuration are shown in Fig. 7. Both glass and GFRP materials were simulated using 8-node 
Serendipity plane stress elements with 2 × 2 Gauss-Legendre integration scheme. The adhesive layer 
that connects the GFRP and glass was simulated by 6-node zero thickness interface elements with 3-
points Gauss-Lobatto integration rule. The thickness of the adhesive layer was reproduced by 
positioning both adherends at a distance of 2.0 mm with the interface elements in between. 
 
Fig. 7 - Mesh and boundary conditions of the double-lap joints numerical models. 
4.2.2 Composite beams  
The rectangular composite beams were numerically simulated taking into account symmetry 
considerations and considering their real geometry. Therefore, only half span of the composite beam 
was modelled. Both the glass pane and the GFRP reinforcement were modelled by means of 8-node 
Serendipity plane stress elements with 2 × 2 Gauss-Legendre integration scheme (plane stress analysis). 
For the adhesive joints the three different approaches mentioned above were studied. Fig. 8 depicts 
the geometrical differences of each approach, as well as the overall geometry of the numerical models 
of the composite beams, their boundary conditions, load configuration and mesh size adopted6. The 
depth of the adhesive joints of all models, simulated either with plane stress elements or with interface 
elements (6-node zero thickness interface elements7 with 3 points Gauss-Lobatto integration rule), 
                                                   
6
 A mesh sensitivity analysis was performed in preliminary studies developed with linear elastic materials; those 
studies showed that 8-node Serendipity elements with a mesh of 10 × 10 mm2 give sufficiently accurate simulations. 
7
 Constitutive laws presented in section 4.3.3. 
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was equal to the glass web thickness. The maximum number of elements was 975 on PB models, 
1200 on PSE models and 1050 on the IE models; in all cases, the mesh density was much lower than 
the ones adopted in [13,25] for beams with comparable geometry and length.  
 
Fig. 8 - Mesh, boundary conditions and joint properties of the beams numerical models. 
4.3 Constitutive models of materials and interfaces 
The hybrid glass system comprises three different materials. In section 3.2 the main mechanical 
properties experimentally determined were presented. This section presents detailed information on 
how each material was numerically simulated, namely the constitutive models used to represent the 
fracture of glass, as well as all the joint properties and constitutive laws adopted to simulate the 
mechanical behaviour of beams bonded with different adhesives. 
4.3.1 Glass 
For simulating the linear elastic behaviour of glass, the recommendations of the Guideline for 
European Structural Design of Glass Components [26] were followed, for which annealed glass has 
a Young’s modulus (Eg) of approximately 70 GPa, a Poisson’s ratio of 0.23 and a tensile strength (fg,t) 
ranging from 30 to 80 MPa8. 
                                                   
8
 fg,t is a mechanical property of glass known to be dependent on a variety of factors, such as size of existing 
micro cracks, surface side, panel size, stress distribution or load duration. Depending on these factors and under 
a relatively low stress rate, crack growth develops on small existing flaws, increasing their size and ultimately 
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In the models of the double-lap joints (cf. section 4.2.1), glass was simulated as linear elastic, for both 
compression and tension, using the aforementioned properties. No failure criterion was considered. For 
the composite glass-GFRP beam models, glass was simulated as linear elastic in compression and in 
tension prior to cracking; after cracking, non-linear behaviour was considered with cracking being 
simulated according to the SCA (non-linear fracture mechanics). Furthermore, an extensive numerical 
assessment, summarized in Table 3, was performed in order to calibrate five important parameters 
required for the definition of the above non-linear material model of glass. In the next paragraphs a 
detailed description of the assumptions made for each parameter is provided. The following 
nomenclature (5 labels) was considered: “Gf – h – fg,t – shape of tension-softening diagram – β”. A single 
parameter was changed at a time (all the others remained with its default value), with the exception of 
models with Gf lower than 188 N/m9, where h was also changed, in order to achieve low Gf values 
(ahead in this section). The default properties of the glass non-linear material (hereafter referred to as 
Standard Non-linear Material Model for Glass or SNLMMG) are highlighted in Table 3. The calibrated 
glass non-linear model was then used on the PSE and IE models. 
As a result of the two main assumptions made in the SCA (mentioned in Section 2), the crack normal 
stress is determined by a tension-strain constitutive law (usually named tension-softening diagram) 
defined by the fg,t, Gf and h. The first two parameters (as well as the shape of the tension-softening 
diagram) are considered material properties and the last one is inherent to the SCA. Traditionally, for 
computational reasons, two additional assumptions are made in the SCA: (i) computational 
instabilities and convergence issues (e.g. snap-back instabilities) should be avoided, and (ii) mesh 
objectivity should be preferably assured. The snap-back instability is avoided by ensuring a maximum 
value of h (Eq. (1-a)), which is dependent of the maximum unidimensional slope (b) of the softening 
branch in the tension-softening diagram, Gf, fg,t and Eg [8,16]. The mesh objectivity is ensured by 
                                                   
causing the collapse of glass elements. Some studies indicate that strength may vary from 30 MPa to 80 MPa 
due to those factors [32,33]. 
9
 Corresponding to the minimum Gf to avoid snap-back instabilities, as discussed in this section. 
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simply assuming a relationship between h and mesh size (e.g., h equal to the square rote of the finite 
elements’ area [8]). In summary, the classical numerical approach to guarantee stability and 
convergence in smeared crack models involves controlling the h (and not any of the other parameters, 
which are assumed to be constant material properties), which is mesh-dependent. Therefore, 
according to Eq. (1-a), there is a maximum value of h that can be used in order to simulate a specific 
material or, in other words, the FE mesh size is directly dependent on the simulated material and its 
properties. In brittle materials like glass, which presents very low Gf, that assumption requires the use 
of highly discretised models, with all the disadvantages involved. 
ℎ ≤  ∙ , ∙   , ≥
, ∙ ℎ ∙   (1-a,b) 
The above mentioned numerical approach was originally developed for concrete in softening. Since 
its applicability to glass fracture was not yet comprehensively assessed, in this paper the influence of 
all parameters in Eq. (1) (with the exception of Eg) was investigated considering the following two 
criteria: (i) the mesh size was kept as 10 × 10 mm2, and (ii) the snap-back instability was avoided by 
assuming a Gf value higher than the minimum required by Eq. (1-b), which results from a direct 
manipulation of Eq. (1-a). The main objective was to assess the effects of using models with less 
discretized meshes and, consequently, higher Gf values, which, although not fully accurately 
representing the fracture properties of glass, would be much less time consuming and would face 
much less convergence issues  
The influence of Gf on the PB model was assessed by testing a wide range of Gf: from 3 N/m (the 
reference value reported in the literature) to 3000 N/m (Table 3). The tested values were lower, higher 
and equal to the minimum energy required when assuming a 10 × 10 mm2 mesh size and h equal to 
the square root of the FEs’ area10. 
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 In true, the value of Gf considered was 5% higher than the value yielded by Eq. (1-b) due to convergence issues. 
Models with a mesh of 10×10 mm2 and different parameter combinations have repeatedly shown convergence 
issues after the appearance of the first crack or in a premature crack stage. Therefore, the Gf,min was slightly 
increased from 178.57 N/m to 188.04 N/m. 
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The complete range of tested Gf was defined by assuming two different hypotheses for h: (i) for Gf  > 
Gf,min, mesh objectivity was kept, thus h =  =10 mm; (ii) for Gf < Gf,min, the mesh objectivity 
was neglected and h was equal to 1.0 mm and 0.1 mm, resulting in Gf values of 30 N/m and 3 N/m, 
respectively. The analysis of the effects of h on the numerical response of the composite beams was 
included in the discussion about the influence of fracture energy (i.e. section 5.2.1.1), since the main 
goal of changing h was to achieve the glass fracture energy mentioned in the literature. 
In this study, the following three different fg,t values were considered: 45 MPa, 50 MPa and 55 MPa. 
The main objective was to assess the possible influence of the cracking load (as experimentally 
observed) on the behaviour of the numerical models. Since the Gf,min of the numerical models is 
dependent on the material’s tensile strength (Eq. (1-b)), two approaches were adopted: (i) Gf was 
assumed equal to the minimum required for each fg,t considered (changing from model to model), or 
(ii) Gf was considered constant and equal to the minimum required by the model with the highest 
Gf,min (model “Gf,min –  – 55 – Linear – 2”). 
The non-linear material behaviour of glass was analysed using three different tension-softening 
diagrams (Fig. 9): (i) the Linear diagram that corresponds to a linear softening branch, which 
minimizes Gf (b = 0.5); (ii) the Bilinear diagram that aims at representing a higher energy loss in the 
beginning of the softening branch, which is a possible feature of brittle materials with a semi-stable 
fracture [9] (b = 0.9); and (iii) the Cornelissen diagram [27], a negative exponential softening law 
that presents a smooth energy degradation, providing advantages in terms of convergence (b ≈ 1.37). 
The last two diagrams have the disadvantage of presenting a higher maximum slope, which also 
affects the Gf,min value needed for the simulations (Eq. (1-b)). Therefore, the models required higher 
Gf values, more precisely, the models with the Bilinear and Cornelissien diagram were simulated 
with a fracture energy value of 321 N/m and 487 N/m, respectively. 
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Fig. 9 – Tension-softening diagrams simulated for glass non-linear material. 
The non-linear material model used allows the evaluation of the shear retention factor in two 
distinct ways [28]: (i) a constant value, and (ii) a non-constant value defined by Eq. (2), 
 
 = (1 − , )  (2) 
where p is a parameter that can assume the values of 1, 2 or 3, and  and ,  are the crack normal strain 
and the ultimate crack normal strain, respectively. The PB models of the beams were tested for constant 
values of β = 0.00001, β = 0.01, β = 0.1, β = 0.99 and all the possible power laws available (p = 1,2,3). 
In what concerns crack triggering and initiation, in the multi-fixed smeared crack model used, a new 
crack is initiated when the maximum principal stress in a specific integration point exceeds the 
uniaxial tensile strength and the angle between the direction of the existing cracks and the direction 
of the maximum principal stress exceeds the value of a predefined threshold angle [16]. In this study, 
the threshold angle was assumed constant and equal to 30° and a maximum of 2 cracks per integration 
point was allowed to arise. 
4.3.2 GFRP 
In the models of the double-lap joints and the glass-GFRP composite beams, GFRP was modelled as 
linear elastic, for both tension and compression, according to the mechanical properties 
experimentally determined and presented in section 3.2. 
4.3.3 Adhesives and interfaces 
PB models, i.e. models that assume perfect bond at the interfaces, are only valid for connections that 
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present high levels of interaction. Therefore, in this study, it was assumed that this hypothesis was a 
good approximation for joints bonded with the SDur adhesive (cf. Fig. 5-b). For beams that presented 
low levels of interaction (R-SFlex beams) this approximation could not be accounted for and different 
models were tested. 
In the PSE models the adhesives were modelled as linear elastic. The Young’s modulus and Poisson’s 
ratio of each adhesive were defined based on experiments (cf. section 3.2). Despite its higher 
simplicity, these models did not account for any slippage at the interfaces nor for any potential 
influence of the adhesives’ viscoelasticity. This explains why they were not able to accurately 
represent the interface behaviour reported on the DL-SFlex experiments, where debonding at the 
interfaces took place. 
On the other hand, when using interface elements (whose constitutive laws can be linear or non-linear 
with/without softening), both the mechanical properties of the adhesive and the adhesion 
characteristics at the interfaces can be considered. In the IE models, two different constitutive laws 
were used in the interface elements according to the adhesive simulated with the main purpose of 
replicating the initial experimental stiffness of the double-lap joints. In the IE-SDur models 
(developed to simulate the R-SDur beams) a linear elastic law characterized by the normal and 
tangential stiffnesses (Kn and Kt, respectively) was simulated. In the IE-SFlex models (for the R-SFlex 
adhesive), a non-linear bond stress-slip relation was adopted, defined by the linear elastic normal 
stiffness Kn and by Eq. (3), where τm and sm are, respectively, the maximum shear stress and the 
corresponding maximum slip, and α and α’ are the parameters that define the shape of the pre- and 
post-peak curves, respectively [16]: 
 
τ(s) =  
#$
%τ& ' ss&(
)                    if s ≤  s&
τ& ' ss&(
,)-                if s > s&
 
(3) 
Kn could not be calibrated, neither with the data retrieved from the shear tests nor with the data from 
the beams’ flexural tests. Therefore, based on Sena-Cruz [16], Kn was taken as 106 kN/m3 to avoid 
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any influence on the shear behaviour of the interface elements. Table 5 presents the properties of the 
interface elements used to model each type of adhesively bonded specimens.  
Table 5 – Properties of the interface elements considered for the two adhesives. 
Adhesive Kn [N/m3] Kt [N/m3] sm [mm] τm [MPa] α [-] 
Sikaflex 265 106 N.A. 4.20 1.70 0.90 
Sikadur31-cf 106 200 N.A. N.A. N.A. 
*N.A. = not applicable 
4.4 Type of analysis 
In the models of the double-lap joints, load was applied under displacement control at the end of the 
glass adherend. Two different failure criteria were set to control the numerical simulations: (i) for the 
SFlex adhesive the simulation was stopped when the maximum experimental displacement was 
attained11, whereas (ii) for the SDur adhesives simulations were performed until the stress in the glass 
adherends reached the 30 MPa in pure tension (the maximum axial stress that was estimated to have 
occurred in the experiments). 
In the beam tests, load was applied at one single point at the top edge of the glass pane, according to 
the experimental setup, and the numerical analysis was also undertaken under displacement control. 
The analysis was stopped when the maximum experimental displacement was attained (R-SFlex 
models) or when the initial strength was recovered (PB and R-SDur models). 
5. Results and discussion 
5.1 Double-lap joints 
The load vs. relative displacement curves obtained from the numerical models are plotted and 
compared with the experimental data in Fig. 3 (cf. section 3.3). It can be seen that, even for the DL-
SFlex specimens, whose behaviour was slightly non-linear, the constitutive models adopted 
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 Despite the visual reports of an adhesive failure of the DL-SFlex joints, the debonding was only observed on 
a slight branch of the joint’ load vs. relative displacement curves. The (double) redundancy of the specimens as 
well as the test setup and test measurement equipment did not allow to fully record the debonding phase. 
Therefore, debonding was not included in the numerical models of the double-lap joints. 
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reproduced accurately the initial slope of the experiments. Moreover, using interface elements with 
higher tangential stiffness led to a steeper initial distribution of axial strains. In opposition, a lower 
tangential stiffness caused a more linear distribution of axial strains along the overlap length. 
Fig. 4 shows the numerical results in terms of axial strains along the overlap length of the specimens 
and the respective comparison with the experimental results. As for the load vs. relative displacement 
curves, in spite of the relatively high scatter of experimental data, a general good agreement was 
obtained between measured strains and numerical results, providing further validation to the FE 
models and, in particular, to the parameters used to simulate the constitutive relations of the bonded 
interfaces. 
5.2 Composite beams 
5.2.1 Effect of non-linear glass material options 
5.2.1.1 Fracture energy 
Fig. 10 compares the experimental load vs. mid-span deflection responses to numerical curves obtained 
considering different Gf values. The results show that all models properly reproduced the overall 
experimental behaviour of the glass composite beams, with the exception of the model with Gf = 3000 
N/m. The overall numerical behaviour was similar to the experimental observations, presenting an 
initial linear response (initial flexural stiffness of 1.57 kN/mm) followed by a post-cracking stage with 
progressive loss of stiffness. 
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Fig. 10 - Effect of Gf on the load vs. mid-span displacement curves of R-SDur beams. 
With the exception of model “3000 –   – 50 – Linear – 2”, all the numerical models predicted 
the crack load initiation (equal to 5.0 kN) for the correspondent experimental load. After this point, as in 
the experiments, a sudden load decay was observed. However, a large difference can be observed between 
the numerical and experimental deflections at this specific point. That difference is attributed to the fact 
that the data acquisition speed (≈ 5 Hz) was not fast enough to capture such sudden load drop in the 
experiments. The post-cracking stage was very similar between models and minor differences were found. 
In true, if the displacement path would be kept, all models (with the exception of model with 
Gf = 3000 N/m) would yield the same post-cracking response. This result seems to indicate that adding 
GFRP reinforcement to glass beams allows using a relatively wide range of Gf values (3 to 300 N/m), 
considerably higher than the reference value reported in the literature, with no significant loss of precision. 
Fig. 11 presents the effect of Gf on the crack pattern of the beams obtained for two different deflection 
values12. As for the flexural behaviour, all models showed an equivalent behaviour, with an overall 
good agreement with the corresponding experimental observations (cf. Fig. 6-b). In addition, in all 
models the oblique cracks developing at the GFRP vicinity along the shear span could be perfectly 
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 The behaviour of the model with Gf = 3000 N/m was not considered in this comparison due to the poor 
compliance with the experimental load vs. deflection results. 
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traced in the experimental prototype. During the post-cracking stage, the existing cracks are always 
“fully opened” (cracks in purple), i.e. mode I fracture energy is fully exhausted in those cracks. 
 
Fig. 11 - Effect of Gf on the composite beam’s crack pattern. 
Crack legend: fully-open (purple). 
Finally, all models were able to recapture the initial strength, which was set as the stopping criterion 
in the models. At this point, no substantial differences were detected between the different numerical 
models in terms of deformed shapes, stress distributions and crack patterns (Fig. 12). This result, once 
more, sustains that during the post-cracking stage the GFRP reinforcement was the main component 
governing the beam’s behaviour, and hence a fully accurate definition of Gf was not a critical factor. 
 
Fig. 12 - Numerical results of model “Gf,min –  – 50 – Linear – 2” in terms of (a) stress distribution, (b) crack 
pattern and (c) deformed shape. 
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Crack legend: closed (green), and fully-open (purple). 
5.2.1.2 Tensile strength  
Fig. 13 presents a comparison between the experimental and numerical load vs. mid-span deflection 
curves of R-SDur beams, by considering fg,t of 45 MPa, 50 MPa and 55 MPa. It can be seen that 
changing the fg,t did not affect the overall qualitative behaviour of the beams for both modelling 
approaches considered13 (cf. section 4.3.1). Aside from the expected differences on the cracking loads 
and initial load drop, all models were able to keep their integrity and restore the beams’ initial 
strength. In addition, the post-cracking process, the progressive loss of stiffness and the residual 
strength were similar among the different beams. 
In what concerns crack pattern, minor differences were found between the models with fg,t = 45 MPa 
and fg,t = 50 MPa (Fig. 14). However, the model with fg,t = 55 MPa was unable to simulate multiple 
cracks with high vertical development and, for a high value of displacement, a significant reduction of 
the number of shear cracks was visible. This is in line with the general behaviour that would be expected 
from a material with a higher tensile strength. 
 
Fig. 13 – Effect of fg,t on the load vs. mid-span deflection curves, considering (a) approach 1, and (b) approach 2. 
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 Approach 1 assumes Gf = Gf,min of each model; Approach 2 assumes an unique Gf in all models, equivalent 
to the Gf,min of model with fgt = 55 MPa. 
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Fig. 14 - Effect of fg,t on the crack pattern for, from left to right, fg,t = 45 MPa, 50 MPa and 55 MPa (approach 1). 
Crack legend: fully-open (purple). 
5.2.1.3 Tension-softening diagram 
Fig. 15 shows the comparison between the experimental flexural behaviour of the R-SDur beams and 
the numerical behaviour obtained for the three different tension-softening diagrams simulated. It can 
be seen that the bilinear shape is the one that best simulates the observed experimental behaviour. 
The other two constitutive laws clearly overestimated the post-cracking flexural performance and did 
not exhibit a progressive loss of stiffness after the initial load drop: for a displacement of 10 mm, the 
residual strength in those models was higher than the initial strength and around 42% higher than the 
experimental residual strength measured in R-SDur-2 beam specimen. These differences can also be 
observed in the crack pattern. Indeed, apart from the Bilinear diagram, none of the other two models 
tested was able to replicate shear cracks towards the supports, thus being unable to present a 
progressive loss of stiffness (Fig. 16). Although higher fracture energies had to be used with Bilinear 
and Cornelissien diagrams (respectively 1.7 and 2.6 times higher compared to the Linear one), the 
differences highlighted above are attributed essentially to the change of the shape of the different 
tension-softening diagram; indeed, for the Linear diagram, no significant changes in the numerical 
results were obtained when the fracture energy was increased up to 2.6 times the default value. 
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Fig. 15 - Effect of the tension-softening diagram shape on the load vs. mid-span deflection curves. 
 
Fig. 16 - Effect of the tension-softening diagram shape on the crack pattern. 
Crack legend: opening (blue), closed (green), reopening (red) and fully-open (purple). 
The reported differences may be related with the expected fracture behaviour of glass, which is closer 
to the Linear (brittle materials with semi-stable fractures) diagram than to the Bilinear or 
Cornelissien. The first diagram is the only one capable of rapidly exhausting the total low fracture 
energy of glass, presenting a low ultimate crack normal strain, which is a central criterion for 
simulating highly quasi-brittle materials, even if featuring a semi-stable fracture. The other two 
diagrams seem to have the disadvantage of retaining normal stresses for higher crack normal strains, 
not accurately representing the physical behaviour of glass. 
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5.2.1.4 Shear retention factor 
Fig. 17 shows the influence of the shear retention factor on the numerical flexural response of the 
glass-GFRP composite beams. For low constant values of β (< 0.00001), the flexural behaviour 
presented good agreement with the experimental data, whereas for high constant values of β the 
numerical models overestimated the residual strength. This result, together with the fact that during 
glass propagation most of the cracks are “fully-open”, shows that glass cracks are either characterized 
by low values of β or by high shear stiffness degradation once the fg,t is attained. Therefore, high 
constant values of β do not correctly simulate the experiments and, conversely, low constant values 
seem to be a good approximation. Models with non-constant β values, i.e. dependent on the current 
and ultimate crack normal strains, predicted the overall experimental response with fairly good 
accuracy, since they replicated high initial shear degradation. Minimum differences were found 
between the model with β = 0.00001 or power law degradations using p = 1, 2 and 3. These results 
are in agreement with the study of Bedon and Louter [13]. 
 
Fig. 17 - Effect of (a) constant and (b) variable β on the load vs. mid-span deflection. 
Similar conclusions can be drawn when analysing the crack pattern (Fig. 18), i.e. low constant values 
of β yielded crack patterns with shear cracks as well as horizontal cracks on the upper part of the cross-
section (tensile area), whereas for higher values of β these two types of cracks were not yielded, despite 
a noticeable development of vertical cracks towards the supports. The best correlations were obtained 
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using a non-constant value of β, namely by taking p = 2 (cf. Fig. 14 and fgt = 50 MPa). 
 
Fig. 18 – Effect of β on the composite beam crack pattern (δ = 13.75 mm). 
Crack legend: closed (green), and fully-open (purple). 
5.2.2 Effect of adhesive’s properties 
The previous sections addressed the implementation of a non-linear model to simulate the fracture 
behaviour of glass. Several parameters were calibrated in order to guarantee a stable and convergent 
model, capable of reproducing the fracture process on the glass-GFRP composite beams with perfect bond. 
After selecting the glass material model14, the next step was to explicitly adopt a constitutive law for the 
adhesive joints aiming at the simulation of the composite glass beams bonded with an arbitrary adhesive. 
Fig. 19-a and -b compare the experimental flexural responses with the numerical results obtained 
from the PB (not applicable to R-SFlex beams), PSE and IE models. 
                                                   
14
 SGNLMM assumes 10×10 mm2, Gf = Gf,min, h =  , fg,t = 50 MPa, linear tension-softening diagram, 
and  = (1 − /012/0,34512 ).  
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Fig. 19 – Experimental and numerical flexural behaviour of (a) R-SFlex and (b) R-SDur beams assuming: (i) no adhesive 
layer, (ii) plane stress elements, or (iii) interface elements to represent the adhesive layer. 
Fig. 19-a shows that the PSE models underestimated the flexural stiffness of the R-SFlex beams 
(26.5% lower than measured). This relative difference may be due to the experimental difficulty in 
accurately estimating the material properties of this very flexible and viscoelastic adhesive. Indeed, 
properties considered in this study were obtained from tensile tests, when the adhesive is subjected 
mostly to shear in the beam tests. 
On the other hand, with the interface elements (IE model), the numerical response of the glass 
composite beams bonded with the SFlex adhesive was reproduced with much higher accuracy in 
terms of (i) initial stiffness (only 3.5% higher than measured) and (ii) load reduction after the 
appearance of the first crack. In this regard, as mentioned, the differences to test data shall stem from 
the experimental measuring system, which was unable to capture with sufficient accuracy the 
complete path of the load drop.  
In terms of crack pattern slight differences were found between the models used to simulate the R-
SFlex beams response. Indeed, the numerical introduction of the adhesively bonded interface led to 
the appearance of a significantly lower number of cracks in both models when compared to the PB 
model. However, only the PSE model succeeded in accurately simulating the localized crack pattern 
of the R-SFlex beams, which was characterized by the appearance and development of a single crack 
under the load application section (Fig. 20). The development of the crack pattern in the R-SFlex-IE 
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model was localized but restricted to three cracks instead of only one. 
 
Fig. 20 - Crack pattern of R-SFlex beams when PSE or IE models were adopted to represent the adhesive layer. 
Crack legend: closed (green), and fully-open (purple). 
Regarding the R-SDur beams, Fig. 19-b shows that the PSE models accurately estimated the initial 
stiffness of the composite beams and their cracking load. However, the post-cracking stage was not 
fully accurately captured; indeed, the models succeeded to simulate a progressive loss of stiffness and 
successive load drops, but yielded higher residual strength than the beams tested with the same 
cracking load. The models exhibited a shorter initial load drop, which affected the entire simulation, 
overestimating residual strength since the appearance of the first crack. As for the PSE models, it was 
expected that the introduction of interface elements simulating the adhesive layer would not impair 
the good accuracy already achieved with the PB and PSE numerical models. However, Fig. 19-b 
shows that the IE models were able to accurately simulate the initial linear elastic stiffness, but were 
not so successful in capturing the second stage stiffness, as well as its progressive decrease during the 
crack propagation in the glass pane. Comparing the crack pattern of R-SDur-PB model with that of 
R-SDur-IE model, it is noticeable that some precision was lost (Fig. 21): for a displacement of 
17.2 mm, the numerical models were unable to present horizontal cracks or oblique shear cracks 
towards the supports. This may be due to the intrinsic limitations of the double-lap shear tests 
performed (DL-SDur specimens) in retrieving the complete response of the glass/SDur 
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adhesive/GFRP bonded interfaces of the composite beams, namely in representing the cracked stage 
of their flexural response15. 
 
Fig. 21 - Crack pattern of R-SDur beams with PSE (left) and IE (right) models representing the adhesive layer. 
Crack legend: closed (green), and fully-open (purple). 
6. Conclusions 
This paper presented a numerical study about the development of plane FE models able to simulate the 
flexural behaviour of rectangular glass-GFRP composite beams with two main objectives: (i) to calibrate 
a standard non-linear material model for glass according to the smeared crack approach (SCA); and (ii) to 
assess a suitable method to reproduce adhesively bonded joints of glass-GFRP composite beams. 
The numerical models developed show that the SCA is able to reproduce glass fracture in composite 
beams and that the introduction of calibrated interface elements enhances the numerical models with 
bonded joints comprising soft adhesives. 
The correct use of a standard model for glass requires the definition of several parameters. The 
numerical results that best fitted the experimental response were obtained when the following 
parameters were adopted: (i) tensile strength of 50 MPa; (ii) fracture energy (Gf) equal to the 
                                                   
15
 Alternative experiments could involve single lap shear tests (to avoid “structural” redundancy), compressive 
loads (to prevent premature glass failure) and eventually cracked glass adherends to assess the influence of 
cracks in the stress transfer at the bonded interfaces. 
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minimum value necessary to avoid snap-back instability, available under a linear tension-softening 
diagram and combined with a quadratic shear retention factor law; (iii) crack band width equal to the 
square root of the finite elements’ area (assuring mesh objectivity); (iv) threshold angle of 30º for the 
development of new cracks; and (v) maximum number of two cracks per element. 
It was shown that it is possible to simulate glass fracture considering a higher Gf than the experimental 
value of 3 N/m. Indeed, the overall flexural behaviour of the glass-GFRP composite beams, 
characterized by a linear elastic pre-cracking stage and a brittle post-cracking stage, was successfully 
reproduced using Gf in the range 3 N/m to 300 N/m. Therefore, it seems that it is possible to simulate 
glass-GFRP composite beams without using highly discretized meshes, thus requiring less 
computation time and allowing the use of more practical and stable numerical models. 
For the range considered in this study, changing the glass strength did not affect the overall behaviour 
of the composite beams, but retrieved different cracking loads, in line with the experimental 
observations (prone to glass scatter). Regarding the tension-softening diagram, the models showed 
that a better correlation is found when a linear shape (the one that minimizes Gf) is used. Finally, the 
study on the shear retention factor proved that non-constant values are suitable for the shear stress 
transfer after cracking. 
Regarding the effect of using different adhesives to bond GFRP to glass, the accuracy of the different 
numerical approaches depended on the adhesive at stake. The joints bonded with the SFlex adhesive 
presented low levels of interaction (considerable slippage), which resulted in lower flexural stiffness 
and global strength, but enhanced post-cracking ductility [28]. The most accurate numerical predictions 
of the aforementioned behaviour were obtained by simulating the adhesive joint using interface 
elements with the following constitutive law: exponential shear law (α = 0.90), with peak point at a 
slippage of sm = 4.20 and τm = 1.70 MPa and with normal stiffness of Kn = 106 kN/m3. On the other hand, 
the composite beams bonded with the SDur adhesive presented high levels of interaction with negligible 
slip at the interfaces. Therefore, for these beams, the most accurate models were those in which the 
adhesive was not represented and perfect bond between glass and GFRP was considered. 
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